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Introduction 

Cell-cell interactions play a crucial role in a 
broad range of biological and pathological pro- 
cesses encompassing cell migration and differ- 
entiation, inflammation, immune function, 
development and embryogenesis. The majority of 
cell interaction molecules fall into discrete 
families based on their primary structure and 
domain organization. These include the 
immunoglobulin superfamily, integrins, cadher- 
ins and selectins. The largest of these families is 
the immunoglobulin superfamily (IgSF) which 
contains over 100 members. These proteins are 
generally considered to mediate intercellular 
communication through specific protein— protein 
interactions. However, the recent characteriza- 
tion of the sialoadhcsin family of lectin-likc cell 
adhesion molecules of the IgSF [U2] has shown 
that protein -carbohydrate interactions are also 
innportant. All members of this family can 
mediate sialic acid (sia)-dependent adhesion. To 
date, it includes the eponymous member, sialo- 
adhcsin (Sn), expressed uniquely by subpopula- 
tions of macrophages [3], CD33 expressed by 
cells of the myelomonocytic lineage [2,4], CD22 
expressed by B-lymphocytes [5,6], the myelin 
associated glycoprotein (MAG) expressed by 
myelinating glial cells [1,7] and the Schwann cell 
myelin protein (SMP) expressed by glial cells of 
the chick and quail [8,9]. SMP will not be con- 
sidered further in this article because it is the 
least characterized of the family and as yet no 
mammalian homologue has been identified. All 
members of the sialoadhesin family have a simi- 



Abbreviations used: IgSF, immunoglobulin super- 
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lar Ig domain organization in the extracellular 
regions, being composed of an N-terminal V-set 
domain followed by variable numbers of C2-set 
Ig domains (Table 1 ) . 

Recently, Powell and Varki [9] have pro- 
posed that all lectins belonging to the IgSF 
should be called I-type lectins. While this is a 
useful classification, the similarity in domain 
organization and binding properties clearly sets 
the sialoadhesin family apart from other potential 
IgSF lectins such as N-CAM [10]. We therefore 
feel that the term 'sialoadhesins' should be used 
to specifically encompass the molecules Sn, 
CD22. MAG and CD33. 

Biological roles of sialoadhesins 

Concerning the functions of sialoadhesins, most 
information is currently available for CD22 and 
MAG. CD22 is associated with the B-cell recep- 
tor complex and becomes phosphorylated on B- 
cell activation [11,12]. A recent study [13] has 
shown that phosphorylated CD22 binds and acti- 
vates SHP, a protein tyrosine phosphatase that 
negatively regulates signalling through the B-cell 
receptor complex. It was suggested that, in 
lymphoid tissues, ligation of CD22 by high-affi- 
nity sialylated ligands on neighbouring lympho- 
cytes could sequester CD22 and its associated 
SHP tyrosine phosphatase from the B-cell recep- 
tor complex, thus towering the activation thresh- 
old to antigen. 

For MAG, attention has focused on its 
potential role in the initiation of myelinaiion 
since it is phosphorylated on tyrosine residues 
and can associate with and activate the fyn tyro- 
sine kinase [14—16], However, in transgenic mice 
lacking MAG^ myelination is essentially normal 
[17,18] though in adult mice there are profound 
morphological abnormalities, suggesting an 
important function for MAG in the maintenance 
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of myelin [19]. Studies in vitro have also demon- 
strated that MAG can function in the regulation 
of axonal growth [20-22]. This can occur both 
positively and negatively depending on the type 
and age of the neuronal cell [21.22]. These 
observations have important implications for the 
potential role of MAG in neuronal regeneration. 

For Sn, its expression pattern and selective 
interactions with cells of the myetomonocytic 
lineage suggest a role in regulation of myeloid 
cell development, either trophic or phagocytic 
[23^24]. Likewise, the expression pattern and 
binding properties of CD33 are consistent with a 
role in haemopoietic regulation [2]. 

Characterization of the sialoadhesin 
family 

The characterization of the sialoadhesin family 
came about through independent studies on 
CD22 and Sn. In the case of CD22, a 'reverse 
genetics' approach led to its characterization as a 
sia-dependent lectin. CD22a, a truncated form of 
CD22 lacking domains 3 and 4, was cloned in 
1990 by Stamenkovic and Seed and shown to 
mediate binding to monocytes and erythrocytes 
(RBCs) when expressed in COS cells [25]. 
Wilson et al. [5] cloned the full-length form of 
CD22 (CD22y5) and subsequent studies with this 
isoform established that it mediated cell adhe- 
sion in a sia-dependent manner. A series of ele- 
gant studies showed that the minimal structure 
recognized by CD22^ was Siaa2,6Hex(NAc) 
where Hex (N Ac) can be Gal, GalNAc or GlcNAc 
[6,26,27]. COS cells transfected with CD22^ 
cDNA could bind in a sia-dependent manner to a 
range of haemopoietic cell types, notably 
lymphocytes, monocytes, neutrophils and RBCs 
[28], but with a striking preference for B- and T- 
lymphocytcs [1,24]. 

In contrast, Sn was originally discovered as a 
sia-dependent sheep RBC receptor expressed by 
stromal macrophage populations in the mouse 
[29]. The subsequent isolation of an inhibitory 
monoclonal antibody led to its purification and 
the direct demonstration that Sn is a sia- 
dependent lectin, with a minimal structural bind- 
ing requirement of Siaa2,3Gal in either 
0-glycans, N-glycans or glycolipids [30]. It was 
subsequently cloned last year and shown to be a 
new member of the IgSF with 17 extracellular Ig 
domains which shared sequence similarity with 
CD22. CD33, MAG and SMP [3], 

Neither CD33 [4] nor SMP [8] had previ- 
ously been shown to function as cell adhesion 



molecules. However, both purified native MAG 
and recombinant MAG expressed in L-cells had 
been shown to interact with heterologous ligands 
on a range of cell typws including neuronal cells, 
oligodendrocytes and fibroblasts, but the nature 
of these ligands was not known [31.32]. An obvi- 
ous possibility, based on the homology with 
CD22 and Sn, was that MAG was also a sia- 
dependent lectin and that this could account for 
the wide range of cell types with which it was 
known to interact. Human RBCs provide a useful 
model system to study the specificity of sia-bind- 
ing proteins because they can be dcrivatizcd to 
carry sialic acids in unique hnkages [33]. A series 
of binding assays was performed using MAG 
expressed on the surface of COS cells or as a 
soluble recombinant protein immobilized to 
polystyrene or aggregated in solution (I]. These 
assays esUblished that MAG is indeed a sia- 
dependent lectin with a specificity distinct from 
that of Sn, preferring the oligosaccharide struc- 
ture Siaa2,3Gal^l,3GalNAc in O-giycans over 
Siaa2,3Gal^l,4GlcNAc in N-glycans (Figure I 
and Table 1). 

A similar approach was used with CD33 
which was also shown to function as a sia- 
dependent adhesin which immobilized to poly- 
styrene [2], Its specificity was found to be 
remarkably similar to that of Sn, preferring 
Siaa2,3Gal in N- and O-glycans (Figure 1 and 
Table 1). However, when expressed on the sur- 
face of COS cells, CD33 was unable to mediate 
adhesion unless the transfected COS cells were 
pretreated with sialidase to remove endogenous 
ligands [2]. The significance of inhibitory "cis~ 
interactions' with carbohydrate ligands is dis- 
cussed further below. 

Structural features and chromosomal 
localization of sialoadhesins 

Homology between sialoadhesins is particularly 
apparent over the first two to four Ig-like 
domains where they share about 35% amino acid 
identity or 50% similarity if conservative substi- 
tutions are taken into account [3]. The N-termi- 
nal domain of all proteins has the characteristics 
of a classical V-set Ig domain, with nine pre- 
dicted ^-strands organized into the ABED and 
GFCC'C faces (Figure 2). Ig domains usually 
contain two conserved cysteines in strands B and 
F which help sUbilize the two ^-sheets by form- 
ing an intersheet disulphide bond [34]. Williams 
ct al. [35] first pointed out that the V-set domain 
found in sialoadhesins contains an unusual 
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Immobtllxed Fc-adhesin constructs of Sn. CD22, MAG 
and CD33 bind to specific s(a<ontaining gtycans 



Fc adhesins containing the entire extracellular region (CD33) or 
the N-terminal 3 (MAG. CD22) or 4 (Sn) Ig domains fused to the 
Fc region of human IgG! were invrtobilized to plastic as described 
[i]. Human RBCs (native) were treated with Vibrio choierae siali- 
dase (asiaJo) and reconstituted to give RBCs containing exclusivdy' 
3-0 (S;ao2,3Gal^l.3GaiNAc), 3-N (Siaa2.3Ga(/? 1 .3(4)GkNAc) or 
6-N (Siao(2,6Ga!^l.4GlcNAc) stnjctures. Binding of RBC popula- 
tions (E^w) assessed by measuring the pseudoperoxklase 
activity in the bound RBCs. For further details see [( ,2]. 



Sn CD22 MAG C033 




0 041 0 0^ 0 0.5 0 0.5 



RBC BOUND 



arrangement of conserved cysteines. The 
cysteine normally present on strand F has been 
substituted with an alternative hydrophobic resi- 
due and a conserved cysteine is present on 
strand E (Figure 2). This would be expected to 
He next to the conventional cysteine near the top 
of strand B of the ABED face and form an intra- 
sheet disulphide bond. An additionaJ innportant 
feature of sialoadhesins is that the first and 
second domains contain an extra unpaired 
cysteine. In domain I this lies at the bottom of 
strand B and in domain 2 it is predicted to be 
within the BC loop at the top of the domain 
(Figure 2), Previous observations with MAG 
[36], and more recently with Sn (A. May and P. 
R. Crocker, unpublished work), provide direct 
evidence that these cysteines form an inter- 
domain disulphide. To date, this interdomain 
disulphide is a unique structural feature of the 
sialoadhesins and could play a role in sia binding, 
particularly for CD22, MAG and CD33 (3ee 
below). 

The similarities in sequence and domain 
organization between Sn, CD22, MAG and CD33 
suggest that they evolved from a common 
ancestral gene, perhaps encoding the first and 
second Ig-Iike domains as a minimal sia binding 
unit. The varying number of C2-set domains 
could have arisen through gene duplication. Con- 
sistent with this idea, it has been found that the 
CD22, MAG and CDJJ genes map veiy closely on 
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AJignmeni of the N-terminal two Ig domains of Sn. CD22. CD33 and MAG 

Seqoeoces are murine Sn. human CD22. murine MAG and hunwi CD33. Alignments were 
generated using the GCG BE5TFIT proff^ ^ optinnized by eye. The predided ^-strand 
assignments are indicated by bars. Three or more residues that are identical are boxed in 
black. Conserved cysteines likely to forni dtsulphide bonds are numbered. Disulphide bonds 
are predicted between domains I and 2 (cysteines marked I), within the ABED ^-sheets of 
the C2-set domain 2 {cysteines marked 3). 
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human chromosome 19qI3.1 and on a syntenic 
region of mouse chromosome 7, linked to the 
structurally related genes of the carcino- 
embryonic and pregnancy- specific glycoprotein 
families [37-40]. Surprisingly, the Sn gene has 
been mapped recently to a distinct locus, on 
chromosome 20p in the human and a syntenic 
region on chromosome 2 in the mouse [41]. This 
indicates that the Sn gene became separated 
from the related genes, CD22, CD33 and MAG, 
before mammalian speciation. Where studied, the 
structures of the genes encoding the sialo- 
adhesins are typical of non-neuronal members of 
the IgSF each Ig domain being encoded by a 
separate exon [40] (S. Mucklow and P. R. 
Crocker, unpublished work). 

Role of cf^-interactions tn modulation of 
sia-dependent adhesion 

An important feature that is beginning to emerge 
for members of the sialoadhesin family is that 



their binding activity, when expressed in the 
plasma membrane, can be modulated via ds- 
interactions with glycoconjugates in the glyco- 
calyx or expressed on the molecule itself. This 
has been demonstrated in two separate studies 
with CD22 [42,43] and one with CD33 [2]. In 
the case of CD33, we found that when the mole- 
cule was expressed in the plasma membrane of 
COS cells it was unable to bind to cellular 
Uganda, such as RBCs or HL-60 cells, unless 
the transfected cells were first prctreatcd with 
sialidase to destroy endogenous ligands [2]. This 
cryptic binding of CD33 was specific because it 
could be completely blocked by Fab fragments 
from an antiserum raised to CD33. 

Although the biological significance of cis- 
interactions with ligands is unclear, it could be 
an important way of regulating cell-cell inter- 
actions. One possibility is that it would only allow 
interactions with cells bearing high-affinity 
ligands which could displace endogenous low- 
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affinity ligands from the receptor. Ultimately 
these interactions would be regulated through 
expression of the appropriate glycosyltransferases 
both in receptor-bearing cells and ligand-bearing 
cells. In the case of B-cells and CD22» for 
example, the expression of the a2,6 sialyltrans- 
f erase is upregulated on activation [44] and 
would result in expression of ligands on B-cells 
that could interact with CD22 in cis [42,43]. This 
could lead to decreased interaction with ligands 
on neighbouring cells and couJd be important in 
regulating B-celt responses to antigen [13]. For 
CD33, expression of glycosyltransferases at 
specific steps in the differentiation pathway of 
myeloid ceils could be important in allowing 
cell-cell interactions within the haemopoietic 
microenvironment. 

The phenomenon of inhibitory m-inter- 
actions for CD22 and CD33 immediately offers 
an interesting explanation for why sialoadhesin 
has evolved such a large number of extracellular 
domains [3]. In the so-called 'rainforest model', 
we propose that by extending the binding region 
of the molecule outside of the glycocalyx, this 
would help avoid the potentially inhibitory effect 
of m-interactions with sialylated ligands and 
allow sialoadhesin to remain in a constitutively 
active state. Rotary shadowing experiments have 
shown that sialoadhesin is an extended structure 
of about 50 nm [30], a length which would be 
required to extend out of the glycocalyx and 
function in cellular interactions when present in 
its natural environment 

In addition to the pwtentially inhibitory 
effect of the glycocalyx, the presence of inhibi- 
tors in extracellular fluids should also be con- 
sidered. For CD22, the ICjo for 2,6-sialynactose 
is around 50 fiin [27], whereas the concentration 
of a2>6-linked sia in human plasma is around 
1 mM [45], thereby making it veiy unlikely that 
CD22 can function in intercellular interactions in 
the vascular compartments [9J. In contrast, the 
affinity of sialoadhesin for sia appears to be con- 
siderably lower, since 2,3-siaiyllactose has an ICso 
of around Z mM [24,29] and the concentration of 
a2,3-linked sia in plasma is reported to be 
around 0.5 mM [45]. This indicates that sialo- 
adhesin is likely to be able to function in plasma- 
rich environments such as the bone marrow, 
liver and spleen. 

One of the challenges for the future is to 
identify the high-affinity ligands for members of 
the sialoadhesin family. Considerable progress 
has already been made for CD22 which has been 



shown to recognize several glycoproteins 
expressed on the surface of lymphocytes, the 
most notable of which is the CD45 antigen 
[46,46a]. 

Locafization of the binding site in 
sialoadhesin and CD22 

A major aim is to understand the molecular basis 
of sta recognition by sialoadhesins. This is likely 
to be distinct from the nature of sia recognition 
by sclectins, the other major class of mammalian 
sia binding proteins, because modifications of 
sia, such as mild periodate oxidation, have no 
effect on sclectin binding but drastically impair 
recognition by sialoadhesins [6,29,46]. For selec- 
tins, sia can be replaced by sulphate, showing 
that a negative charge in the correct position is 
sufficient for recognition [47], In contrast, sialo- 
adhesins require specific structural components 
of sia, as shown by the fact that naturally occur- 
ring variants of sia at the 5- and 9-carbon posi- 
tions are differentially recognized [48,49] (Table 

In order to identify the domain(s) of Sn and 
CD22 involved in sia-dependent adhesion, we 
generated truncated forms of the molecules 
fused to the Fc portion of human IgGl. These 
contained either the entire extracellular region or 
varying numbers of N-terminal domains. In a 
range of adhesion assays, it was clear that the 
first N-terminal domain of Sn was both necessary 
and sufficient to mediate sia-dcpendcnt binding 
of the correct specificity [46a]. In contrast, CD22 
required the presence of domains I and 2 to 
mediate binding. Similar observations have been 
made with CD33 (S. D. Freeman, unpublished 
work). Taken together, these results suggest that 
the binding site of sialoadhesins is in domain 1, 
but for CD22, CD33 and possibly MAG, the 
second domain is required for correct folding. 
This is analogous to findings made with inter- 
cellular adhesion molecules and CD4, for which 
the binding sites are located in the first domain 
but the second domain is needed for correct 
folding [50]. 

Future perspectives 

Rapid progress has been made over the last 2 
years in characterizing the sialoadhesin family as 
a distinct subgroup of the IgSF that uses sialy- 
lated glycoconjugates as specific recognition 
determinants in a wide range of biological pro- 
cesses. Major questions that lie ahead are to 
understand the precise functions of these mole- 
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cules, their roles in cell-cell interactions and sig- 
nalling and the significance of cw-interactions 
with carbohydrate ligands. It is anticipated that 
the creation of transgenic mice lacking sialo- 
adhesins will help in these respects, as already 
demonstrated with MAG, Ectopic expression of 
sialoadhesins in transgenic animals may also give 
valuable insights. 

The minimal oligosaccharide structures 
recognized by sialoadhesins are commonly found 
on cell surfaces and in extracellular fluids. 
Therefore, it will be important to understand 
how sialoadhesins can discriminate high-affinity 
ligands from the excess of low-affinity ligands in 
their microenvironments. Clearly, the structural 
elucidation of the sia binding site in sialo- 
adhesins is essential for this and will be a major 
future goal. 
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Introduction 

Natural killer (NK) cells constitute a distinct 
lymphocyte subset defined by the absence of B- 
or T-cell surface receptors, and characterized by 
their natural cytotoxicity against certain tumour 
or virally infected cells [1]- As physical contact is 
required for this spontaneous cytotoxicity, the 
molecular basis for NK cell reactivity should 
involve effector (NK) cell membrane receptors 
engaging their specific ligands at the target 
(tumour) cell surface. Type II integral mem- 
brane proteins that contain extracellular domains 
related to the carbohydrate-recognition domain 
(CRD) of C-type animal lectins have recently 
been identified among candidates for NK cell 
receptor functions [2,3]. Here 1 summarize our 
recent investigations aimed at identifying the 
iigands for these receptors. These include high- 
affinity oligosaccharide Iigands of the type repre- 
sented on the tumour eel! surface that are 
recognized by rat NKR-PI or simitar receptors at 
the NK cell surface and are intimately linked to 
natural killing. Unpublished work is also pre- 
sented, pointing to the possible involvement of 



Abbreviations used: NK, natural killer; CRD, carbo- 
hydrate-recognition domain; IL-2, interIeukin-2. 



one of these molecules, rat NKR-Pl. in adhesive 
reactions of NK cells. 

NK cell receptors related to Ca^*- 
dependent animal lectins 

In recent years, extensive experimental efforts of 
immunologists have been concentrated on the 
identification of NK cell receptors, employing 
both hybridoma technology (production of mono- 
clonal antibodies against purified NK cell popula- 
tions) and molecular genetic approaches (such as 
subtractive hybridization) [3-6]. Both strategies 
have ultimately converged in the identification of 
a group of type II disulphide-Iinked dimeric 
transmembrane proteins related to Ca^^- 
dcpendent animal lectins [3]. These molecules, 
the protein products of polymorphic gene 
families residing in the natural killer gene com- 
plex in the distal regpon of mouse chromosome 6 
or the syntenic human chromosome I2pl3.2 
[2,3], have been assigned to a separate group 
(group V, Figure la) in the evolutionary tree of 
this lectin superfamily [7]. They are notable 
among C-type lectins t>y possessing, within their 
intracellular tails, peptide sequences that seem to 
enable them to transduce signals to the NK cell 
upon cross-linking with antibodies or engage- 



Volume 24 



BNSDOCID- .eXP ^61 3910A^_?> 



1 



